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Cucurbits (cucumber, cantaloupe, pumpkin, watermelon, and zucchini squash) are economically important cash crops worldwide, including the United States. Virus diseases are a major constraint in commercial cucurbit production (21, 27) , causing sporadic epidemics. More than 39 different viruses have been reported to cause cucurbit diseases and many are responsible for economic losses in the quality and quantity of cucurbit crops (15, 18, 27) .
In the United States, cucurbit crops are grown in several states and are commonly infected by a number of viruses. Several of these viruses, particularly the Potyvirus spp. Papaya ringspot virus-watermelon strain (PRSV-W, formerly known as Watermelon mosaic virus-1) (29) , Watermelon mosaic virus-2 (WMV-2) (30), Zucchini yellow mosaic virus (ZYMV) (19, 20) , and Cucumber mosaic virus (CMV) (9) , are the most frequently encountered and economically important (24, 27) . These viruses have been shown to infect cucurbit crops in major cucurbit-growing areas of California and Connecticut (25, 28) , Florida (1, 31) , Hawaii (35) , Illinois (14) , New Jersey (7), New York (25, 28) , South Carolina (34) , and Texas (5, 11, 12, 22) . These viruses are transmitted by many aphid species in a nonpersistent manner. This makes them difficult to control by insecticidal sprays because the aphids are capable of rapidly transmitting the viruses before the insecticides can kill them (36) . These viruses are a significant and continuous threat to cucurbit production in these regions.
In Oklahoma, cucurbit crops, including cucumber, melon, squash, pumpkin, and watermelon, are grown on about 5,088 acres annually (26) . Among these, watermelon is a very important cash crop (grown on approximately 4,500 acres) and currently generates $3.5 million annually in farm income. Several virus-like mosaic diseases have been observed in Oklahoma for the last several years that affect cucurbit crops, particularly watermelon and pumpkin. Natural incidence of PRSV-W, WMV-2, ZYMV, CMV, and Squash mosaic virus (SqMV) with pumpkin has been reported in field trials located at the Vegetable Research Station Bixby and Wes Watkins Agricultural Research and Education Center in Lane, OK (6) . However, there is no detailed information on the incidence, ecology, spread, and distribution of these viruses in watermelon and other cucurbit crops in the commercial grower's fields. Information on the identity and distribution of viruses and potential reservoir hosts in major cucurbit production areas is important in developing and implementing effective control strategies for virus diseases in local areas. In addition, accurate virus identification and detailed information about prevalent viruses in a particular region is important for growers.
The purpose of this study was to determine the incidence and distribution of the most prevalent viruses infecting cucurbit crops in the grower fields, and identify their potential reservoir hosts in the major growing areas of Oklahoma.
Materials and Methods
Seed, antisera, and positive control of viruses. Squash seed was kindly provided by Marilyn Roossinck, the Samuel Roberts Noble Foundation, Ardmore, OK. Seven kits that included polyclonal antiserum and positive controls of CMV, Cucumber green mottle mosaic virus (CGMMV), Melon necrotic spot virus (MNSV), PRSV-W, SqMV, WMV-2, and ZYMV were obtained commercially (AC Diagnostics, Arkansas, and Agdia, Inc., Indiana). Positive controls of all seven viruses were supplied in lyophilized form with the kits and were resuspended in the sampled buffer as recommended by the manufacturers' instructions (AC Diagnostics and Agdia, Inc.).
Survey area and sample collections. Surveys of cucurbit crops (cantaloupe, cucumber, pumpkin, squash, and watermelon) and weeds within adjacent fields were conducted during the growing seasons of 2008, 2009, and 2010 in four counties of Oklahoma that included Atoka, Blaine, Jefferson, and Tulsa (Fig. 1) . Atoka County is located in the south, Blain County in the west, Jefferson County in the southwest, and Tulsa County in the east of Oklahoma.
Surveys were conducted from July to August of the growing seasons and only symptomatic samples were collected randomly throughout the field in each county. Selected fields were at a dis-tance of 2 to 3 miles from each other and were sampled once during the growing season. The size of the field varied from 1 to 50 acres. Numbers of samples (5 to 30 samples/field) were collected according to the size of the field.
In total, 1,049 samples were collected from 90 fields that included 219 samples from 24 fields in Atoka County, 338 samples from 23 fields in Blaine County, 64 samples from 7 fields in Jefferson County, and 428 samples from 36 fields in Tulsa County. About two to three leaves per sample were collected from the shoot apex of symptomatic plants and were labeled and placed in separate plastic bags. Samples were transported to the laboratory on ice and kept at 4°C. All samples were processed within 24 h of collection.
Sample preparation and dot-immunobinding assay. All samples were prepared and tested by dot-immunobinding (DIBA) as described previously (3), with minor modifications. Sap from individual leaves was extracted by crushing approximately 100 mg of leaf tissue in individual plastic bags containing 1 volume of phosphate-buffered saline (PBS) buffer (137 mM NaCl, 3 mM KCL, 8 mM Na 2 HPO 4 , and 1 mM KH 2 PO 4 , pH 7.4). Extracted sap was centrifuged for 2 min and 2 µl of supernatant was dotted on the nitrocellulose membrane. Each sample was dotted seven times on seven different nitrocellulose membranes. Each membrane was dotted with negative and positive controls. Sap from uninoculated watermelon or squash seedlings grown in the growth chambers was used as a negative control. A positive control for each virus was obtained commercially (AC Diagnostics and Agdia, Inc.). Membranes were air dried and processed immediately or stored at 4°C for later processing. Membrane-blocking solution was prepared by homogenizing healthy cotyledons of squash in 9 volumes (wt/vol) of PBS buffer. Glucose (600 mM) and mannose (600 mM) were added to the membrane-blocking solution. All samples were tested against antisera of CMV, CGMMV, MNSV, PRSV-W, SqMV, WMV-2, and ZYMV.
Reverse-transcription polymerase chain reaction. To further confirm the infection of PRSV-W and WMV-2 in weed species and mixed infections of cucurbit positive samples by DIBA, total RNA was extracted from leaves according to the Tri-Reagent procedure (Molecular Research Center Inc.) and was used in reverse-transcription polymerase chain reaction (RT-PCR) using the Superscript III Reverse Transcription Kit (Invitrogen) according to the manufacturer's instructions. Primers for the coat protein genes of PRSV-W (forward-5′-GCAGCAATGATAGAGTCATG-3′ and reverse 5′-AACACACAAGCGCGAGTATTCA-3′) and WMV-2 (forward 5′-AACACACAACCAAGT GAATT-3′ and reverse 5′-TAACGACCCGAAATGCTAACT-3′) were designed from the published sequences in the National Center for Biotechnology Information database. PCR amplification was carried out using virus-specific forward and reverse primers with a total volume of 20 µl in the presence of Taq DNA polymerase (Roche Applied Science) with 30 to 35 cycles of the following profile: 94°C for 2 min, 94°C for 30 s, annealing at the 48 to 50°C, and elongation at 72°C for 40 s, with a final extension step at 72°C for 10 min.
Pathogenicity tests. To confirm the pathogenicity of the detected viruses, some of the DIBA-positive samples with CMV, PRSV-W, SqMV, WMV-2, and ZYMV collected during 2009 and 2010 were mechanically inoculated to squash ('Elite') seedlings using 0.1 M K 2 HPO 4 buffer and kept in growth chambers for symptom development. Three to four weeks post inoculation, all inoculated seedlings were tested again by DIBA and some by RT-PCR using PRSV-W and WMV-2 coat-protein-specific primers as mentioned above.
Preparation of virus-like particles, isolation of nucleic acids, and amplification. During the 2010 growing season, a few host species, showing unique symptoms (yellowing, leaf rolling, upward cupping, mottling, and stunting) and negative by DIBA to the above viruses, were selected for virus-like particle (VLP) preparations. Symptomatic leaves of Solanum carolinense L. (horse nettle) from Blaine County, Cucurbita foetidissima Kunth (wild gourd) from Jefferson County, and Palmer's Amaranth and Xanthium strumarium L. (cocklebur) from Tulsa County were used for VLP preparations. Sections (1 g each) of young leaves were ground in extraction buffer (0.4 M sodium citrate, pH 6.5) containing 0.5 M iodoacetamide and 0.5 M sodium diethyldithiocarbamic acid trihydrate. The homogenate was filtered through cheesecloth. Following differential centrifugation, the supernatant was centrifuged on a sucrose cushion at 35,000 rpm for 45 min to pellet virus particles. The pellet was resuspended in sterile water. Nucleic acids were isolated as described previously (23) and amplified by RT-PCR using random hexamer primer as described by Roossinck et al. (32) .
Cloning, sequencing, and sequence analysis. Amplified random hexamers RT-PCR products were purified using the QIAquick PCR kit (Qiagen) and eluted in 50 µl of water. Eluted PCR product (3 µl) was ligated using the pGEM-T Easy Vector System (Promega Corp.) according to the manufacturer's instructions and transformed into Escherichia coli DH5α competent cells (New England BioLabs) (33) . Positive recombinant white colonies were selected on the Luria-Bertani agar plates containing appropriate antibiotics, isopropyl-thio-galactopyranoside, and X-gal (33) . Plasmid DNA preparations were obtained using QIAprep spin Miniprep Kit (Qiagen). At least three to five clones were selected from each cDNA library per sample for sequencing. Sequencing was performed using dye terminator cycle sequencing (Applied Biosystems 3130 Genetic Analyzer) at the core facility of the Department of Biological Science, The University of Tulsa, Oklahoma.
Sequences were analyzed using Basic Local Alignment Search Tool (BLAST) with both nucleotide versus nucleotide (BLASTn) and translated nucleotide versus protein (BLASTx) queries in GenBank databases for nucleotides and proteins using an e value (,23). The top three to five hits against each database were reported for each sequence.
Results
Symptoms on cucurbit crops. The most commonly observed symptoms on all cucurbit crops ranged from mild to severe mosaic, mottling, stunting, leaf narrowing, shoestring appearance of the leaf, leaf rolling and upward cupping, vein clearing, yellowing and reduction of leaf and fruit size. Blistering, color breaking of fruit, ringspots, wilting of flower, and fruit deformations commonly were observed on pumpkin. Due to mixed infections, it was difficult to identify the symptoms of a particular virus in the field.
Occurrence and detection of viruses by DIBA. Six of the seven viruses were detected in samples collected from all four counties, while none of the samples were positive to CGMMV. CGMMV (genus Tobamovirus) is a severe virus of watermelon and other cucurbits in Asia and 15% losses has been reported in cucumber. At least three viruses were detected from each Oklahoma county. Three viruses-PRSV-W, WMV-2, and ZYMV-were detected in all four counties.
PRSV-W was the most prevalent virus, being detected in 521 samples collected from different cucurbits in the four counties of Oklahoma. PRSV-W was found in all cucurbit crops.
Distribution of viruses in different counties and crops. In Atoka County, five viruses were detected but none of the samples were positive to CMV. Similarly, in Blaine County, five viruses were
In Tulsa County, all seven viruses except CGMMV were detected by DIBA. The average incidence of PRSV-W was higher in every county compared with the other viruses tested. Samples from every field were positive to at least one virus.
CMV was detected in only one pumpkin and three watermelon samples during the 3 years of the study, indicating a low incidence of CMV in cucurbits.
MNSV was detected in 35 cucurbit samples collected in 2008 in Atoka and Tulsa Counties, In Atoka County, MSNV was detected in all cucurbits except watermelon. In Tulsa County, MNSV was detected in all cucurbits except cucumber. None of the samples collected in the 2009 and 2010 growing seasons were positive for MNSV.
The infection rate of PRSV-W in watermelon was 60% in Atoka, 55.8% in Blaine, 60.8% in Jefferson, and 77% in Tulsa Counties ( Table 1 ). The infection rate of PRSV-W in other cucurbits ranged from 0 to 74.6% in cantaloupe, 0 to 51% in pumpkin, 0 to 57% in cucumber, and 33 to 35% in squash.
PRSV-W was also detected in 19 samples obtained from various weed species (Table 2 ) in all counties except Blaine County. Double and triple infections of PRSV-W were recorded with most of the viruses identified in this study except CMV (Table 3) .
SqMV was detected in 40 samples collected from all counties except Jefferson County (Table 4) . Of the 40 samples, 37 samples were collected from four cucurbit crops (Table 1 ) and 3 from morning glory in Tulsa County (Table 2 ). Individual infections of SqMV were recorded only in 9 samples, while the remaining 31 positive samples of SqMV had mixed infections of two or three viruses (Table 3) .
WMV-2 was detected in 146 samples and had the second highest incidence in this study (Table 4) . WMV-2 was mostly found in watermelon and in few samples of other cucurbit crops (Table 1) . Nine samples from pigweed were also positive for WMV-2 in Tulsa County (Table 2) . WMV-2 was detected in three double infections and three triple infections with all other viruses detected in this study except MNSV (Table 3) .
ZYMV was detected in 98 samples of watermelon, one sample from cantaloupe, one sample of wild gourd and 2 samples of morning glory (Tables 1 and 2) . None of the samples collected from other cucurbit crops were positive for ZYMV (Table 1) . ZYMV was detected in all four counties, with an average incidence of 0.93 to 12.7% (Table 4) . ZYMV was detected in one double and two triple infections with PRSV-W, WMV-2, and SqMV (Table 3) .
Mixed infection of viruses. Mixed infections were found in 164 samples (18.9%). Two-thirds of the samples were doubly infected, one-third was triply infected, and no sample had more than 3 viruses. There were eight different combinations of mixed virus infections ( Table 3 ). The highest incidence (approximately 5.2%) was recorded for the double infection of PRSV-W and WMV-2, followed by triple infections of PRSV-W, WMV-2, and ZYMV (4.6%), and WMV-2 and ZYMV (2.8%). Mixed viral infections varied among the four counties (Table 3) . Double infection of PRSV-W and WMV-2 was commonly found in all counties and was mostly observed in watermelon. Similarly, triple infection of PRSV-W, WMV-2, and ZYMV was also more commonly observed in watermelon. RT-PCR results confirmed the mixed infections of PRSV-W and WMV-2 in both cucurbits and weeds plants by amplifying the expected PCR products when analyzed by gel electrophoresis (data not shown).
Pathogenicity tests. All five viruses (CMV, PRSV-W, SqMV, WMV-2, and ZYMV) produced mosaic and mottling symptoms 1 to 2 weeks post inoculation and were also detected positive by DIBA and RT-PCR. Some of the PCR products from plants inoculated with PRSV-W and WMV-2 were also cloned and sequenced.
Nucleotide sequence analysis confirmed the infection of PRSV-W and WMV-2 at the molecular level from the inoculated plants (data not shown).
Viruses in weeds and adjacent crops. To determine potential reservoir hosts for cucurbit viruses in Oklahoma, 109 weed and 50 crop plants samples were collected within cucurbit crops or crops adjacent to cucurbit fields ( Table 2) Watermelon  310  3  0  0  173  25  63  67  Total  324  3  0  0  173  25  63  67  Jefferson  Cantaloupe  10  0  0  0  4  0  5  0  Watermelon  46  0  0  0  28  0  18  1  Total  56  0  0  0  32  0  23  1  T u l s a  Cantaloupe  71  0  0  3  53  3  1  0  Cucumber  2  0  0  0  0  0  0  0  Pumpkin  41  1  0  6  21  0  2  0  Squash  28  0  0  4  10  1  2  0  Watermelon  174  3  0  10  134  0  11  2  Total  316  4  0  23  218  4  16  2  Total  890  7  0  35  521  37  137  98 angulata L, and S. nigrum) in three counties, SqMV in Ipomoea hederacea Jacq., WMV-2 in A. palmeri S. Wats, and ZYMV in C. foetidissima Kunth and I. hederacea Jacq. by DIBA. Three of the four weed species infected by PRSV-W belong to the Amaranthaceae and Solanaceae families, which are the new non-cucurbit host of PRSV (Table 2) 
Discussion
This study showed the natural distribution and occurrence of cucurbit and watermelon viruses in commercial fields in four counties of Oklahoma. The previous study by Damicone et al. (6) reported the incidence of five viruses (CMV, PRSV-W, WMV-2, SqMV, and ZYMV in pumpkin from field trials at two locations where WMV-2 was the more prevalent virus when compared with PRSV-W. Similarly, the incidence of SqMV was higher than ZYMV. Our results indicate that, out of six viruses detected from watermelon and other cucurbit crops grown in the commercial grower's fields in Oklahoma (Table 1) , the percent infection of PRSV-W (48 to 53%) was higher than WMV-2 (5 to 35%) and the incidence of ZYMV was also more than SqMV. PRSV-W, WMV-2, and ZYMV were the most widespread viruses infecting watermelon and other cucurbit crops in all four counties of Oklahoma. All three viruses belong to the genus Potyvirus and are transmitted in a nonpersistent manner by aphids, which are difficult to control. These three viruses, along with CMV, are a major impediment to the production of cucurbits in the United States and other parts of the world (16, 27) .
Among the three widely distributed viruses in Oklahoma, PRSV-W had the highest incidence in all four counties, infecting various cucurbit crops, and was the most frequent virus detected. PRSV-W was also detected in four different weed species during the study and almost 50% of the positive weed species were infected with PRSV-W. Palmer's Amaranth in the Amarantheceae family, ground cherry, and nightshade in the Solanaceae family are common throughout the fields in Oklahoma. None of these weed species have been reported previously to be the hosts of PRSV-W, either naturally or experimentally (30) . This suggests that PRSV-W may survive in various weed species not belonging to the family Cucurbitaceae that could serve as reservoirs early in the season for aphid vectors of PRSV-W. This would allow PRSV-W to be spread more rapidly and to occur with high incidence (Table 4) .
However, findings of studies conducted in other states on the incidence of PRSV-W are not the same as the results in this study. For example, WMV-2 was reported to be the most widespread virus compared with CMV, PRSV-W, and ZYMV in melon-growing areas of California (10), cucurbit crops in New Jersey (7), summer squash in South Carolina (34), squash and watermelon in Florida (31) , and pumpkin and squash in Illinois (14) . Similarly, Lecoq and Pitrat (17) reported high incidence of ZYMV compared with PRSV-W and WMV-2. This variation in the incidence of these viruses in different locations could be due to the initial sources of inocula, hosts, locations, and transmission vectors early in the season. We did not observe any aphid vectors at the time of this study.
It was interesting that the incidence of CMV was very low compared with the remaining viruses detected. The reason for this limited distribution is unknown. CMV has a wide host range, infecting more than 1,200 plant species in 100 families (8) , and occurs worldwide, including Oklahoma. It is possible that the CMV inoculum sources, whether infected seed or aphid vectors, were not available to spread CMV during the 2008 to 2010 growing seasons in Oklahoma, even though CMV was identified in five pepper samples which may have come from infected pepper seed (2).
The incidence of SqMV was low compared with other viruses identified. This low incidence may be due to the absence of inoculum sources in other hosts because SqMV has limited host range to species only in the Cucurbitaceae family.
MNSV was detected only in samples from 2008 and was never detected in 2009 and 2010. Unfortunately, we did not store infected samples in the first year of collection to reconfirm the presence of MNSV in those samples. The absence of samples positive for MNSV in 2009 and 2010 may be because the crops were grown in different fields. MNSV is transmitted in soil by zoospores of the chytrid fungus (Olpidium radicale) and has been reported to be seed transmitted in melon (13) .
Mixed infection of the three Potyvirus spp. PRSV-W, WMV-2 and ZYMV is not a new finding. Similar mixed infections were observed in summer squash in California (34) .
Results with random PCR could be useful to obtain virus-like sequences in an unknown sample. Our results confirmed the identity of one known TRSV from cocklebur. TRSV has been reported to infect cucurbit crops (27) in other states. This is the first report that TRSV infected cocklebur in Oklahoma. In addition, identification of virus-like sequences from horse nettle and possibly from Palmer's Amaranth gives some indication that weed species may harbor other viruses.
Information about the virus infection of weeds with Potyvirus spp., particularly PRSV-W, will be helpful in future control strategies for cucurbit growers in Oklahoma by allowing the growers to eradicate sources of infection within or around the field that could then reduce the level of virus inoculum. Further studies are planned to screen seed sources, identify respective aphid vectors of the known viruses (particularly the three Potyvirus spp.), and characterize possible new viruses perpetuating in weed species in Oklahoma. 
